overt responses to distracting stimuli to enhance and assess distraction. Previous studies indicate an attention cost of verbal retrieval (for a review, see Baddeley, 1986 ), but its effect on visual WM has not been shown.
To confirm that a central capacity limit exists in WM, it is necessary to test the effect of a central process in the absence of overt responding. To determine whether intertask interference would still occur, we used a visual array memory task (Luck & Vogel, 1997) along with an acoustic-verbal secondary task that sometimes required memory retrieval but no overt response. In Experiment 1, the design included variation in the amount of retrieval required by the secondary task and in the need to respond overtly in that task.
EXPERIMENT 1
Instead of using visual stimuli in easily labeled categories, we reduced labeling by using unconventional characters (cf. Alvarez & Cavanagh, 2004) . Figure 1 illustrates a typical trial. An array of one or three unconventional, briefly shown characters was to be remembered. (One-character arrays were presented only to demonstrate that the characters could be encoded and retained.) The array was followed by a mask to ensure that what was remembered was not simply sensory in nature (cf. Saults & Cowan, 2007) . The mask occurred only after ample time for encoding (Vogel, Woodman, & Luck, 2006) . At the end of the trial, a single probe character was to be judged as being either the same as or different from the array charac-compare conditions that were similar in retrieval but differed in whether a response to the secondary task was needed (Conditions 1 vs. 2 and Conditions 4 vs. 5). This method of comparison can illuminate the portions of the interference that came from covert retrieval instead of from responding.
Method
Design. Experiment 1 consisted of a visual array task with one or three items. During the visual array retention interval, a secondary auditory task was conducted. As we described above, there were five auditory task conditions (blank, tone, nonlist, nontarget, target) on different trials, yielding a 2 (set size) 3 5 (auditory task condition) within-participants design.
Participants. The participants were 46 students (28 female; age range 5 18-21 years), who received partial course credit. Six participants were excluded from all of the analyses because they performed at no better than chance level when asked to remember a single visual item, leaving a final N of 40.
Apparatus and Materials. The experiment was conducted with participants seated a comfortable distance from a computer screen inside a sound-attenuated testing booth. All visual stimuli were presented on a standard computer screen, and auditory stimuli were presented through audiological headphones. Visual items were displayed within a square 270 pixels across, centered at the middle of the screen. The visual item set included 113 characters (Figure 1 ), each 30 3 30 pixels large, chosen from the Microsoft Word 2002 extended character set, and consisted of letters from alphabets other than English and a few other symbols chosen because they were not easily named. Auditory items were 44 digitized, two-syllable nouns chosen from the University of Western Australia's MRC Psycholinguistic Database (Fearnley, 1997) and recorded in a male voice.
ter that had occupied the same spatial location. In keeping with the experiment that best justified the model of central capacity (Rouder et al., 2008) , if the probe was different, it was entirely new to that trial.
What distinguished the conditions from each other was the nature of the acoustic-verbal task presented in the retention interval between the mask and the probe.
(1) In the blank condition, there were no secondary task stimuli. In the other conditions, there were always three words presented or two words and a tone. (2) When a tone was presented, the participant was to press the space bar after the onset of the third item. This arrangement required responding without specific memory retrieval. In the remaining trial types, one of the words might have come from a prelearned List 1 or List 2. (3) In nonlist trials, none of the three words came from the prelearned lists, and no response was required. (4) In nontarget trials, one of the words did come from a prelearned list, but it was a list for which the instruction for the entire trial block was "do not respond." Thus, it required memory retrieval without overt responding. (5) Finally, in target trials, one of the words came from a prelearned list for which the instruction for the entire trial block was "respond," in which case the space bar was to be pressed.
It is possible to contrast the three conditions in which no response to the secondary task was necessary and the required memory retrieval was nil (Condition 1, blank), nonspecific (Condition 3, nonlist words only), or more specific (Condition 4, nontarget list word). Also, one can words or if they heard a word from the target list. Of the five types of auditory task conditions (blank, tone, nonlist, nontarget, target), the second and fifth conditions required a response.
Results
Primary visual array task. For one-item arrays, performance accuracy was .96 in the tone and nontarget conditions and .97 in the other three conditions; in each case, SEM 5 .01. This near-perfect performance demonstrates that the unfamiliar characters could be encoded with enough precision to allow a same versus different response. Mean visual array accuracies for Set Size 3, the set size of primary interest, were lower, as we have illustrated in Figure 2 .
A one-factor within-participants ANOVA of visual array accuracy for three-item arrays was conducted with auditory task condition as a factor. There was an effect of auditory task condition [F(4,156) 5 9.06, MS e 5 .01, p , .0001, η p 2 5 .19]. Newman-Keuls post hoc tests revealed significant differences between each pair of conditions, except between the blank and tone, tone and nonlist, and nontarget and target conditions. All comparisons indicating the importance of memory retrieval were significant: In the absence of responding, blank . nonlist . nontarget, and, in its presence, tone . target. None of the comparisons indicating the importance of overt responding reached significance.
Secondary auditory word task. Mean accuracies and reaction times (RTs) for all conditions are presented in Table 1 . 1 A 2 (set size) 3 5 (auditory task condition) withinparticipants ANOVA of auditory-verbal task accuracy indicated no effect of visual array set size [F(1,39 Table 1 ; SEMs ranged from .01 to .03 for the five conditions.) The interaction was not significant [F(4,156) , 1]. Newman-Keuls follow-up tests of auditory task condition means revealed no significant differences between the blank, tone, and nonlist trials, but, for all other comparisons, the group means were significantly different.
A 2 3 2 within-participants ANOVA of auditory task RTs was conducted with visual array set size and auditory Each word within this set had a familiarity rating between 545 and 700 and an imageability rating between 550 and 700. The maximum difference in volume between the sound files used to present the auditory stimuli was 1.5 dB(A) at peak.
Procedure. The experiment started with 8 practice visual array trials followed by memorization of two separate lists of four spoken words that would be used throughout the experiment. Participants were then given instructions on how to complete the auditory word task, along with examples of each auditory task condition and the correct response. Ten practice spoken-word trials were then performed. Finally, 10 dual-task practice trials were administered, each with a structure as illustrated in Figure 1 , to end the practice portion of the experiment. In each block of 40 trials, one of the two lists was designated as the target list from which a presented word required a keypress response. Within each experimental block, there were an equal number of trials of each auditory task condition. In total, eight experimental blocks were completed (four for each set size, in random order).
The primary visual array task began with the presentation of a fixation cross on the screen for 1,000 msec ( Figure 1 ). This was followed by the presentation of an array of one or three unfamiliar visual characters. During the practice trials, three English letters were presented, instead of unfamiliar characters. The array appeared for 500 msec and was followed by a blank-screen delay of 500 msec. A visual mask was then presented for 100 msec, followed by a 3,000-msec retention interval, during which the secondary auditory task was performed. After the retention interval, a single probe item was presented. It was either the same character as that which had appeared at the same location in the original array or a new character. The "S" and "D" keys were used for same and different. Within each block, the correct response was same on half of the trials.
For the secondary auditory task, at the beginning of the experiment, participants memorized two lists comprising 4 words each, which were introduced to the participants as List 1 and List 2. Both lists were determined randomly for each participant and were chosen from a larger pool of 44 words. The remaining 36 nonlist words were used throughout the experiment as filler items. A word recognition test was repeated until the participant could recognize from which list, if any, each of the words had come. Then, in the experiment proper, all words, including the list words, appeared equally often (twice per block, never on the same trial).
During each block of trials, one of the lists was specified as the target list for use in the auditory task. In this task, participants heard three words spoken through headphones at a pace of two words per second. At the onset of the third word, the screen turned green for 2,000 msec to signify that a response could be entered. It was the participant's job to press the space bar during the green-screen response period if they heard a pure tone in place of any of the three An estimate of the number of units in WM (Cowan, 2001 ) is k 5 S[2 * (h 2 f )], where k is the number of items in WM, S is the set size, h is the proportion of correct change detection, and f is the proportion of spurious change detection. We find estimates that are low, as compared with simple stimuli (which typically are about 3.5 items; Cowan, 2001; Rouder et al., 2008) , but are in line with prior results for unconventional stimuli (Alvarez & Cavanagh, 2004) . The formula, however, underestimates capacity if each presented item is encoded as multiple chunks, as many of our stimuli might well be. Suppose, for example, that the mean capacity in the blank condition is 3.5 chunks. That capacity implies that we must multiply the average k value obtained from the blank condition (1.67 items) by a factor of 2.10 (chunks/ item) to yield 3.5 chunks. In comparison, using that same multiplication factor for the other conditions yields chunk estimates of 3.21 for tone, 3.03 for nonlist, 2.64 for nontarget, and 2.50 for target (SEMs 5 .18-.19). According to this analysis comparing blank and nontarget conditions, memory retrieval without responding costs an estimated 0.86 chunks in visual WM.
EXPERIMENT 2
An alternative to the notion that visual array memory suffers interference from covert verbal retrieval is that the visual array could have been verbally recoded, wholly or in part, despite our use of unconventional characters. In Experiment 2, we examined this assumption.
The same three-item visual arrays were used as in Experiment 1, but with different secondary task conditions. Participants performed the array task (1) alone, (2) while tapping a finger at a pace of two times per second, or (3) while carrying out an articulatory suppression task, counting forward from 1 at a pace of two digits per second. Tapping is a common nonverbal control condition that consumes some attention (as suppression does) but does not prevent verbal labeling or rehearsal (again, as suppression does; Bunting, Cowan, & Colflesh, 2008) . If performance suffers more from suppression than from tapping, that will indicate that memory for our unconventional character arrays relies, in part, on verbal processes, such as verbal recoding of the visual characters or verbal rehearsal.
Method
Participants. The participants were 25 students (16 female; age range 5 18-21 years) who received partial course credit. Data from task condition as factors. Only the tone and target conditions required responses, and only trials with a correct response were analyzed. There was a main effect of auditory task condition [F(1,39) Table 1 ; SEM was 31 msec for tones and 30 msec for target words.) There was, however, no effect of visual array set size [F(1,39) , 1] and no significant interaction [F(1,39) , 1] .
Relation between tasks. There was almost no correspondence between the two tasks, either within or across individuals. One exception was a very small but significant effect of whether performance on three-item arrays was correct on accuracy in the secondary auditory task [arrays correct, M 5 .94; arrays incorrect, M 5 .93; F(1,39) 5 5.52, MS e 5 .01, p , .05, η p 2 5 .12], which did not interact with auditory task condition.
Discussion
The effect of covert verbal memory retrieval on visual array memory was observed in two different contrasts in Experiment 1. First, visual array memory was better when the retention interval was blank than when it was filled with three filler words (in the nonlist condition). This points to the potential importance of a general sort of search of long-term memory in identifying list items. Second, visual array memory was better when the spoken verbal set included no item from a learned list (in the nonlist condition) than when it did contain such an item, even when the item came from the list that did not require a response (in the nontarget condition). This finding points to the importance of the retrieval of information from a recent learning episode in interfering with visual array memory.
Response execution did not produce any significant interference with our visual array task. Together, these contrasts provide evidence for a domain-general form of memory storage that is not engaged solely to produce responses.
The interference we obtained was asymmetrical, in that secondary verbal task performance did not depend on the visual array condition; a load of three visual characters produced verbal task performance no worse than a load of only one character. This asymmetry is to be expected; other studies have shown that retrieval uses attention, but that, once the retrieval process has started, its completion is obligatory (e.g., Naveh-Benjamin, Craik, Gavrilescu, & Anderson, 2000) . Thus, in the case of our study, the same amount of attention is presumably used for retrieval in the presence of a visual load of one or three items. sible; for example, verbal retrieval could sometimes cause neglect of the goal of retaining the visual array. The results suggest a WM system that relies on a common resource, such as attention, to maintain visual items and retrieve verbal items from long-term memory, while arguing against a more modular WM system positing only multiple modality-or code-specific storage components (Baddeley, 1986; Cocchini et al., 2002; Friedman & Miyake, 2000) . Nevertheless, the fact that our quite reliable effects are numerically modest suggests a compromise model of WM that includes code-specific storage along with a central memory store. Such a model was, in fact, proposed in the seminal work of Baddeley and Hitch (1974) , but the central component was omitted in subsequent work (e.g., Baddeley, 1986; Baddeley & Logie, 1999) . Our findings are consistent with a revised model that includes an episodic buffer requiring attention (e.g., Repovš & Baddeley, 2006) or with a model positing feature-based activation and interference, in addition to one or more items in a limited-capacity focus of attention (Barrouillet et al., 2007; Cowan, 1999) . Finally, the finding that individual differences in WM are related to both active maintenance in primary memory and controlled search from secondary memory (Unsworth & Engle, 2007) can now be explained on the grounds that both of these factors depend on the same attentional resource that was tapped in the present study by both visual array maintenance and verbal list memory retrieval.
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1 participant were not analyzed, due to below-chance performance in one condition, leaving a final N of 24.
Design. The experiment consisted of a visual array task with three items. The participants were engaged in each of three secondary task conditions (no task, tapping, suppression) throughout the experiment. This yielded a single-factor (secondary task) withinparticipants design.
Apparatus and Materials. All of the materials in Experiment 2 were the same as those used in Experiment 1.
Procedure. The basic procedure was the same as in the threeitem array, blank condition of Experiment 1. The participants completed six experimental blocks of 30 trials: two blocks for each of the three secondary task conditions. The two blocks of each condition were performed consecutively, beginning with a 10-trial practice block for each secondary task. During these practice blocks, for the suppression and tapping conditions, the participants were trained to pace their secondary task responses at a rate of one every 500 msec, beginning at the onset of the fixation cross and ending at the onset of the probe item. Compliance was monitored by an experimenter, who offered feedback to correct pacing when necessary.
Results
A one-factor within-participants ANOVA of visual array accuracy was conducted with secondary task condition as a factor. There was an effect of secondary task condition [F(2,46) 5 4.67, MS e 5 .00231, p 5 .01, η p 2 5 .17]. For the no-task condition, M 5 .78 and SEM 5 .017; for the tapping condition, M 5 .74 and SEM 5 .016; and for the articulatory suppression condition, M 5 .74 and SEM 5 .018. Newman-Keuls post hoc tests revealed a significant difference between the no-task condition and both the tapping ( p 5 .02) and suppression ( p 5 .02) conditions. Tapping and suppression did not differ.
Discussion
Performing a secondary paced-responding task impaired performance on the same visual array memory task used in Experiment 1. Critically, articulatory suppression did not impair performance more than simple tapping performed at the same pace did. This strongly suggests that any labeling or rehearsal of the unconventional characters used in both experiments is of little or no mnemonic value and cannot explain the interference from verbal retrieval seen in Experiment 1.
GENERAL DISCUSSION
The selection of a model of WM depends critically on the outcome of dual-task experiments. At issue is whether there is one component of WM storage that can be said to be central and general rather than modality-or codespecific (e.g., Cocchini et al., 2002; Morey & Cowan, 2005) . Recent results have pointed toward the existence of a central storage component (e.g., Kane et al., 2004; Saults & Cowan, 2007; Stevanovski & Jolicoeur, 2007) . The present results strengthen this conclusion by showing that interference with visual array performance from a secondary auditory-verbal task can occur even when (1) the visual stimuli are difficult to label and (2) the auditory-verbal interference requires memory retrieval (but not overt responding) during the visual array maintenance period. Many mechanisms of this effect are pos-
